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Abstract 
To estimate the total CO2 EOR (enhanced oil recovery) potential in the UK and Norwegian sector of the North 
Sea a techno-economical model for CO2 injection into oil reservoirs and aquifers has been used in a scenario were 
many of the most feasible prospective water flooded fields are included. The fields are connected to a common CO2
pipeline system to supply the optimal amount of CO2 at any time during the CO2 flood cycle. The techno-
economical model consists of a CO2 transportation module and an EOR module that is integrated with an economic 
model that calculates investment costs and running costs both for injection into oil reservoirs and aquifers.  
By use of the techno-economical model a CO2 injection scenario that includes 18 Norwegian and 30 UK oil 
fields in the North Sea and unspecified aquifers has been studied. The project lifetime in the scenario is 40 years 
where CO2 is deposited at a constant rate of 178 million tonnes/year. The CO2 is delivered through a main pipeline 
infrastructure that transports CO2 from industrial sources in EU. In the early phases of the injection period most of 
the CO2 is delivered to oil reservoirs, but throughout the period more and more CO2 is injected into aquifers. 
Breakthrough CO2 from the oil reservoirs is re-circulated. 
Sensitivity analyses have been made for the scenario where the oil price and the price of CO2 for enhanced oil 
recovery have been varied. The potential for incremental oil production varies between 658 and 696 million Sm3, or 
between 8.5 and 9.0 % of the original hydrocarbon pore volume, for the various cases studied. The amount of CO2
stored in the oil reservoirs was 2284 mill tonnes for the 40 years injection period which is 31% of the total amount 
stored. The purchase price for CO2 from the sources (e.g. power industries) delivered at export terminals in Emden 
and Aberdeen varies between -23 and 94 USD/tonne when the oil price varies between 20 and 160 USD/bbl. For oil 
prices in the range 90 to 100 USD/bbl the CO2 price is close to the cost for CO2 capture (50 USD per tonne). 
An EOR module for miscible CO2-WAG (water alternating gas) injection has been developed. Preliminary 
calculations using this module indicate that the oil recovery potential for CO2-WAG is comparable to continuous 
CO2 injection. More water and less CO2 are produced during WAG injection, however. 
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1. Introduction 
CO2 storage in sedimentary rocks is considered to be a large scale solution for reducing the emission of 
anthropogenic CO2 [1]. The storage capacity in the North Sea may be sufficient for EU point sources for the fossil 
era [2]. Gas and oil fields are considered as safe storage sites due to their historic record of trapping buoyant fluids 
for millions of years. There are now several oil fields on the Norwegian and UK shelves that have been water 
flooded and have reached a high degree of maturity. Decisions on how to proceed production must be taken within a 
few years, whether new EOR processes shall be introduced or if the fields have to be abandoned. CO2 injection is a 
proven technology for enhanced oil recovery (EOR) from onshore fields and can potentially also be used in the 
North Sea reservoirs. EOR processes are the only large scale applications where CO2 has an economic value and it 
appears attractive to combine large-scale CO2 deposition with EOR. On a long term the deposition capacity in oil 
reservoirs is limited. But at present, petroleum reservoirs represent significant sinks for CO2.
In order to elucidate the possibility of combining CO2 storage with EOR, a previously developed technical-
economical model for a large scale CO2 deposition in the North Sea has been used [3]. A CO2 transportation module 
calculates the transportation costs for CO2 from export terminals to the oil provinces. An EOR module calculates 
production curves for CO2 injection in water flooded reservoirs. This module was developed for continuous CO2
injection but a new module for WAG injection has been developed.  
Large modifications of the oil production installations are needed to convert from water injection to CO2
injection. A possible solution for this has been sketched, and the costs for the necessary modifications and new 
installations have been estimated and included into the technical-economical model. A different and simplified 
approach to this concept has been made in the CENS project [2]. The CENS project did not address the technical 
and economical performance of specific reservoirs, the total capacity was lower and aquifer deposition of excess 
CO2 was not an issue. 
In the previous presentation of the model a scenario including Norwegian oil fields was presented [3]. A large 
number of UK oil fields are now included in an expanded scenario. Economic figures like the oil price, cost of 
process equipment, wells, etc. have been updated to present.  
Accurate predictions of the CO2 EOR potential for a field can only be assessed through extensive reservoir 
modelling. Economic analyses of EOR schemes are also comprehensive where additional complexities are 
associated with upgrading oil production installations for CO2 injection. The simplified calculations presented here 
can nevertheless yield valuable estimates of the EOR and the CO2 storage potentials and the economics associated 
with of a massive CO2 deposition scheme.  
2. Description of the technical-economical model 
2.1. The CO2 deposition infrastructure 
The infrastructure consists of the main pipeline from Emden (Germany) to the Ekofisk area and further to the 
Tampen area. A connecting line allowing transport of CO2 from Aberdeen (UK) is also included. Emden and 
Aberdeen are junctions where CO2 from various point sources in North and Central Europe and UK can be collected 
in an export terminal. It is assumed that dry compressed CO2 in a dense state is delivered to the junctions. The main 
components in Emden and Aberdeen are compressor plants where CO2 is compressed to the desired export pressures 
(200-300 bar) and further cooled to 20qC to reduce compression energy before it is fed into the export pipelines. 
Minimum-length branch pipelines connect the oil reservoirs and aquifers to the main pipeline. The minimum 
pressure of CO2 in the main pipelines is 100 bar. 
2.2. The EOR module 
The EOR module provides estimates of the additional oil recovery expected due to CO2 injection into water-
flooded reservoirs, depending on the state of the reservoir. The approach taken was to define a generic sandstone 
reservoir, with realistic heterogeneities, and use a reservoir simulator to predict the performance of water injection 
followed by miscible CO2 injection. The simulations of continuous injection provided oil, water, and gas production 
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profiles for 216 combinations of values of six parameters that described the injection process, the fluids, and the 
reservoir geology. Response surfaces (functions) depending on the six parameters were fitted to the simulated 
production profiles. Within the techno-economical model, the response surfaces provided quick predictions of EOR 
response for particular fields. The individual field characteristics (history, fluids, geology) were honoured through 
the values of the six parameters. The development of the module has been described earlier [3]. 
The newly developed EOR WAG-module has been constructed in a similar manner as the gas injection module. 
The basis for defining the module is 432 Eclipse WAG-simulations obtained by varying seven parameters, where 
the additional parameter is the difference between drainage and imbibition oil relative permeability endpoints. The 
definition of the response surface functions are analogous to the gas injection response functions, but different 
tuning parameters are obtained as these parameters are now tuned against the Eclipse WAG simulations. The WAG 
simulations have been carried out on the same reservoir model as the continuous gas injection simulations using a 
WAG-ratio of 1:1, where each full cycle injects 0.1 pore volume of reservoir fluids.  
Predictions using the continuous CO2 injection module are illustrated by field examples. Figure 1 shows the oil 
production profile observed for selected fields together with the modelled profiles obtained by tuning the geology 
parameters. With tuned reservoir parameters, the model was used to predict the response to a CO2 injection scheme.  
The rapid decline in the water production means that much of the water injected before CO2 injection started 
remains in the reservoir. If CO2 had been injected alternating with water (WAG), water production would have 
continued with a higher rate as seen in Figure 2. WAG injection is often used in CO2 injection projects both in order 
to improve the sweep efficiency by reducing the CO2 mobility, and to reduce the amount of CO2 for injection. If the 
objective of the CO2 injection project is both to improve the oil recovery and to store CO2 in the reservoir, 
continuous CO2 injection may be the preferred method. In the planning of a specific project both injection schemes 
should be considered.  
The water production profiles illustrate another important feature of a continuous CO2 injection process. 
Compared to continued water injection as in a CO2-WAG process, problems with high water cuts are reduced which 
is advantageous with respect to water treatment costs and the environmental load from discharges to the sea. 
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Figure 1 Production profiles for continuous CO2 injection for selected fields. 
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Figure 2 Production profiles for CO2 - WAG injection for two fields. 
Figure 2 shows two examples of calculations performed with the EOR WAG module. As already discussed most 
of the large volumes of injected water will be produced. The gas production rates are lower due to the lower CO2
injection rates, however. For the examples the amount of EOR oil appears to be equal or somewhat lower for WAG. 
Mass balance calculations regarding the amount of stored CO2 have not yet been made. 
2.3. The techno economical model 
The techno-economical model integrates the EOR module described above with economic quantities that enables 
calculations of cost and incomes related to CO2 EOR and aquifer deposition projects [3]. The starting times for the 
water and CO2 injections are entered for each field included in a given scenario. Investment and operating costs for 
CO2 injection into each field are calculated based on the CO2 injection rates that are set equal to the previous oil 
production plateau rate. Project economies for the given scenario is calculated based on incremental oil profiles, 
investment costs, operating costs and costs for CO2 for each field included. In the model it is assumed that all gas is 
re-circulated after CO2 breakthrough. The amount of imported CO2 to the field is therefore reduced over time.  
The investment costs for a CO2 incremental oil project include tapping point for CO2 on the main transport line, 
branch CO2 pipeline to the field, riser, modification of oil production process, CO2 compressors, injection gas drying 
plant, and injection wells. Most of the listed costs are capacity dependent, and compressor costs are also dependent 
on the wellhead pressure. The running costs consist of CO2 costs (the costs for CO2 paid by the operators of the 
EOR projects), operating costs for the process equipment and energy costs. 
For each oil field that is included in a scenario the project economy is expressed as yearly cash flow is calculated 
and the accumulated discounted net cash flow is found. The project is terminated the last year with positive cash 
flow. Relevant economic figures summed for all the fields are included in the scenario. 
For a chosen scenario, profiles for incremental oil production and CO2 stored in the oil reservoirs are calculated. 
The amount of CO2 needed to be stored in aquifers is also determined since a constant amount of CO2 is transported 
through the infrastructure over the lifetime of the scenario, where necessary investment and operating costs for 
aquifer deposition of excess CO2 are calculated. A price for CO2 that suppliers of CO2 can get at the export terminals 
is also calculated.  
The investment costs for process equipment are calculated based on methods given by Turton et al. [4] using the 
program Capcost. In order to convert cost figures calculated for onshore process equipment to offshore conditions, 
all cost figures have been multiplies by a cost multiplier, which is set to three in the present calculations. The costs 
are also updated to present using Chemical Engineering Plant Cost Index (CEPCI) [5]. The same index has been 
used to update the cost of the pipelines. 
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3. A CO2 deposition scenario, continuous CO2 injection 
By use of the techno-economical model it is possible to construct specific scenarios for CO2 injection into the oil 
reservoirs in the North Sea, as well as aquifer deposition in the same region. Since many of the fields in the North 
Sea are in a mature state with decline in oil production, the time windows for start of EOR projects are likely to be 
narrow. With this in mind a “maximum scenario” has been made where CO2 injection is started in most of the 
sandstone fields included in the study in the period 2013-2018. 2013 is considered the earliest starting point 
possible. CO2 injection into the chalk reservoirs are somewhat delayed, however. Production histories of the chalk 
fields are different from most of the sandstone reservoirs as no or only limited volumes of water has been injected. 
The EOR module assumes that water has been injected prior to CO2 injection. This, and the fact that the EOR 
module is developed using simulations on a sandstone reservoir model, gives added uncertainty to the calculations 
made by the module for these fields. The reservoir pressure is also important both for calculating the mass of CO2
that is injected and stored and for the displacement efficiency of injected CO2. In the EOR modelling in the present 
scenario, current reservoir pressures were normally used, where all EOR responses are determined using miscible 
displacement. 
3.1. CO2 storage and oil production profiles. 
The CO2 storage profiles for the fields included in the scenario are shown in Figure 3, using an oil price of 80 
USD/bbl. The total injection rate of CO2 in the first project year (2013) is 178 million tonnes/year. It is seen from 
the figure that full capacity is only utilised the first year. Since the suppliers of this amount of CO2 are dependent on 
a continuous delivery, it is assumed that this amount is delivered throughout the project period of 40 years. Excess 
amounts of CO2 not used in oil production and must therefore be injected into aquifers. The amount for aquifer 
injection is also seen in the figure. It is assumed that CO2 injection for oil production continues as long as the net 
cash flow for each field project is positive. The profiles are determined for the set of economic parameters given in 
Table 1 using a 7 % discount rate and an oil price of 80 USD/bbl. 
Costs for compressors and gas drying plants are implicitly included in the economic model, based on injected 
volumes and well head pressures. These costs can be changed through an offshore cost multiplier (cost offshore/cost 
onshore, where 3 is used in the present calculations) that is applied to all process equipment offshore. The cost of 
CO2 transportation (6.0 USD/tonne) was determined by the CO2 transportation module for 80 million tonnes 
CO2/year although the capacity has been up-scaled. Specific sites for aquifer deposition have not been considered.  
Table 1 Economic parameters.  
Economic parameters Value Unit
Costs of new injection wells 30 mill. USD/well 
Modification of oil production system 400 USD/(bbl/day)*)
Engineering/contingency costs 25/25 % equipment costs 
Operating costs  5 % of equipment costs 
Energy compressor 0.17 USD/kWh 
CO2 transport cost 6.0 USD/tonne 
Aquifer deposition costs 4.0 USD/tonne 
*) Total investment cost based on the plateau production rate from the field in question, CEPCI reference: 420. 
A CO2 cost of 44 USD/tonne for CO2 delivered into the pipe line system gives a zero net present value for the total 
of all the fields included in the scenario at an oil price of 80 USD/bbl. With this cost for CO2 some of the projects 
show a positive net present value whereas the net present value is negative for other fields.  
Figure 4 shows incremental oil production profiles for all fields included in the scenario. The total performance 
of the project with respect to oil production, incremental oil production, total stored CO2 , CO2 stored in the oil 
reservoirs, total investment costs, total running costs (operation and energy) and the sum of the net present value of 
all the fields are summarised in Table 2. The total incremental oil of 682 million Sm3 comes in addition to the oil 
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that would have been recovered if the fields had continued to be produced by water injection only. The average 
lifetime of the projects in the scenario is typically between 15 and 20 years of production. 
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Figure 3 CO2 storage profiles, oil price 80 USD/bbl.
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Figure 4 Profiles for incremental oil production, oil price 80 USD/bbl.. 
Table 2 Summary of project performance, oil price 80 USD/bbl 
Item Value Unit
Total oil produced 4706 million Sm3
Total oil recovery factor  60.6 % HCPV 
EOR oil 682 million Sm3
Incremental oil recovery factor 8.8 % HCPV 
Total stored CO2 7254 million tonnes 
CO2 stored in oil reservoirs 2284 million tonnes 
Total investment costs 58234 million USD 
Total operating costs, excluding CO2 2858 million USD/year 
3.2. Aquifer injection of excess CO2
The excess CO2, as shown in Figure 3, must be injected into aquifers. In order to find the price or value of CO2 at 
the export terminals the cost of transportation and injection of the excess CO2 must be included. The latter cost has 
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been estimated to 4 USD/tonne. The excess CO2 is transported through the main pipeline infrastructure at the same 
cost as for the CO2 used for improved oil recovery. 
3.3. The value of CO2
In order to find the price or value for the CO2 that is delivered from the CO2 sources (i.e. the cost of CO2 for the 
EOR projects) at the export terminals, all costs associated with CO2 transport and injection either into the oil 
reservoirs or the aquifers are included in the calculations. The incomes are the value of the incremental oil produced 
by CO2 injection. For a given value of the discount rate (here 7 %) price of CO2 can then be found for a desired net 
present value for the CO2 deposition scenario. 
Figure 5 (left) shows the value of CO2 as function of the oil price when the net present value of the deposition 
project is zero. In order to give a positive CO2 value the oil price must be in higher than 44 USD/bbl. However, 
since the cost of CO2transportation and aquifer deposition is 10 USD/tonne it will be more profitable to use some of 
the CO2 for EOR compared to aquifer deposition alone at an oil price higher than 33 USD/bbl. The value of CO2 at 
oil prices higher than this can be shared between the CO2 deliverers and the oil companies.  
Figure 5 (right) shows the net present value of the deposition scenario as function of the oil price for two different 
CO2 costs. The figures 27 and 67 USD/tonne are close to the present estimated EU quota price for CO2 and the 
Norwegian CO2 tax, respectively. The figures are also close to low and high estimates for the cost of CO2 capture 
from power plants. Thus, for oil prices higher than 76 or 109 USD/tonne the use of CO2 for EOR will cover all the 
costs of CO2 capture, transport and deposition if the lowest respectively highest CO2 capture costs apply. A 
transportation cost of 6 USD/tonne CO2 from the point sources to the export terminals has then also been included.  
Oil that is not defined as incremental oil, but produced during the CO2 injection phase, comes in addition to the 
calculated incremental oil. It is also likely that many of the fields would have been closed down without the EOR 
projects. The real incremental resource outtake is therefore likely to be larger than the values indicated. The present 
scenario is thus not optimised with respect to economy, but is nevertheless useful to illustrate key figures related to a 
possible large scale CO2 deposition era in the North Sea. Having better knowledge about optimal starting points for 
CO2 injection for each separate field, a scenario with a higher utilisation of CO2 for EOR and a better total economy 
could possibly be constructed. 
The EOR potential for the base case scenario is on average 8.8 % HCPV. Experience from real field projects 
worldwide has demonstrated that CO2 injection is a powerful method to enhance the oil production from water 
flooded reservoirs. On average the CO2 floods included in SINTEF Petroleum Research’s database with 115 CO2
injection projects have resulted in incremental oil recoveries of 12 % and 17 % of original oil in place (OOIP) for 
sandstone and carbonate reservoirs, respectively. In this context the average incremental oil production estimated in 
this study appear to be modest.  
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Figure 5  The value of CO2 as function of oil price (left) and net present value as function of oil price at two given CO2 costs (right) 
Future storage of CO2 in geological formations may become a main option to reduce CO2 emissions in Europe 
with quantities in the order of several hundred million tonnes/year subjected to deposition. In this context the 
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quantities of CO2 needed for EOR only constitute a small fraction of the total quantities to be deposited. However, 
early in a CO2 deposition era the use of CO2 for oil production can contribute to reduce the total costs of CO2
deposition.  
In the economic calculations no tax related issues are included in the analysis. Inclusion of depreciation of the 
investments, taxes and revenues will affect the profitability of the projects. The net present values and internal rates 
of return calculated for the scenario are therefore an expression of the total profitability of the projects. Although  
taxes and revenues are not included in the analysis, there will inherently be public incomes in the projects through 
all the economic activities associated with both the investment and the operation phases of the project. 
Conclusions 
A technical-economical model for CO2 injection into oil reservoir and aquifers using a large scale infrastructure 
for CO2 transportation to the oil provinces has been used to analyse a CO2 deposition scenario that includes a large 
number of Norwegian and UK oil fields. In the scenario 178 mill. tonnes of CO2 is injected annually over 40 years. 
A sensitivity analyses for variable oil prices has been made. 
The EOR potential is estimated to be in the range 658 and 696 mill. Sm3, corresponding to 8.5 and 9.0 % of the 
hydrocarbon pore volume originally in place. Of the total amount CO2 stored underground (7254 mill. tonnes), 
approximately 31 % is stored in the oil reservoirs; the rest is stored in aquifers. 
The value of CO2 delivered to exports terminals that feeds CO2 into the transportation infrastructure has been 
estimated to be between -22 and 94 USD/tonne for oil prices in the range 20 - 160 USD/bbl. When this is compared 
to the cost of CO2 capture from industrial flue gasses (low and high estimates of 27 and 67 USD/tonne) and 
transportation from point sources to the export terminals (e.g. 6 USD/tonne), it is seen that the use of CO2 for EOR 
can cover the total costs associated with CO2 capture, transport and storage for oil prices higher than 76 or 109 
USD/bbl, respectively. 
An EOR module for CO2-WAG (water alternating gas) injection has also been developed. Preliminary calculations 
using this module indicate that the oil recovery potential for CO2-WAG is comparable to continuous CO2 injection. 
More water and less CO2 are produced during WAG injection, however. 
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